Adenoviruses, papillomaviruses, and polyomaviruses are collectively known as small DNA 22
tumor viruses. Although it has long been recognized that small DNA tumor virus oncoproteins 23 and capsid proteins show a variety of structural and functional similarities, it is unclear whether 24 these similarities reflect descent from a common ancestor, convergent evolution, horizontal gene 25 transfer among virus lineages, or acquisition of genes from host cells. Here, we report the 26 discovery of a dozen new members of an emerging virus family, the Adomaviridae, that unite a 27 papillomavirus/polyomavirus-like replicase gene with an adenovirus-like virion maturational 28 protease. Adomaviruses were initially discovered in a lethal disease outbreak among endangered 29 Japanese eels. New adomavirus genomes were found in additional commercially important fish 30 species, such as tilapia, as well as in reptiles. The search for adomavirus sequences also revealed 31 an additional candidate virus family, which we refer to as xenomaviruses, in mollusk datasets. 32
Analysis of native adomavirus virions and expression of recombinant proteins showed that the 33 virion structural proteins of adomaviruses are homologous to those of both adenoviruses and 34 another emerging animal virus family called adintoviruses. The results pave the way toward 35 development of vaccines against adomaviruses and suggest a framework that ties small DNA 36 tumor viruses into a shared evolutionary history. 37 38
Author Summary 39
In contrast to cellular organisms, viruses do not encode any universally conserved genes. Even 40 within a given family of viruses, the amino acid sequences encoded by homologous genes can 41 diverge to the point of unrecognizability. Although members of an emerging virus family, the 42
Adomaviridae, encode replicative DNA helicase proteins that are recognizably similar to those of 43 polyomaviruses and papillomaviruses, the functions of other adomavirus genes have been 44 difficult to identify. Using a combination of laboratory and bioinformatic approaches, we 45 identify the adomavirus virion structural proteins. The results link adomavirus virion protein 46 operons to those of other midsize non-enveloped DNA viruses, including adenoviruses and 47 adintoviruses. 48
Introduction 49
Polyomaviruses, papillomaviruses, and adenoviruses are historically defined as small DNA 50 tumor viruses (Pipas 2019) . Although members of a fourth animal-tropic non-enveloped DNA 51 virus family, the Parvoviridae, are not known to cause tumors they share a number of biological 52 features with traditional small DNA tumor viruses. Each of the four virus families encodes non-53 enveloped virion proteins with similar pentameric single-b-jellyroll core folds and members of 54 each of the four families express functionally similar oncogenes that inactivate cellular tumor 55 suppressor proteins (Figure 1) possible similarities between the virion proteins and accessory genes of the "-oma" families and 75 adenoviruses. Achieving a better understanding of the relationships between small DNA tumor 76 virus families has the potential to guide comparative studies of these common human pathogens. 77
In 2011, a previously unknown circular dsDNA virus was discovered in a lethal disease outbreak 78 among Japanese eels (Anguilla japonica) ( related to the E1 replicases of papillomaviruses. The name "adomaviruses" has been applied to 85 this emerging family, connoting the fact that the three known species each encode homologs of 86 the adenain virion-maturational proteases of adenoviruses as well as polyomavirus and 87 papillomavirus S3H homologs. 88
The primary goal of this study is to identify the adomavirus virion proteins and to uncover 89 possible evolutionary relationships to the virion proteins of small DNA tumor viruses. To 90 discover additional adomavirus species, we conducted metagenomic sequencing studies and 91 developed a pipeline to detect small DNA tumor virus-related sequences in the NCBI Sequence 92
Read Archive (SRA). Bioinformatic methods were used to predict which adomavirus ORFs 93 might represent virion proteins and the predictions were confirmed through functional expression 94 in cell culture. The results pave the way toward development of preventive vaccines against 95 pathogenic adomaviruses. 96 97
Results

98
Detection of additional adomaviruses 99
A post-mortem metagenomics analysis of an aquarium-bred Amazon red discus cichlid 100 (Symphysodon discus) exhibiting lethargy and inflamed skin lesions revealed a complete circular 101 adomavirus genome ( Figure 2 ). Histopathological analysis of skin lesions from the discus 102 specimen showed no evidence of intranuclear inclusions or other obvious histopathology. 103 show varying degrees of similarity to the S-adenosyl methionine-binding pocket of cellular 114
SET proteins, which function as histone lysine-methyltransferases. Adomavirus SET 115 homologs are highly divergent from all previously described eukaryotic and viral SET 116 genes. The same is true for adomavirus EO2-4 and EO3 segments that encode homologs of 117 the catalytic small subunit of archaeal eukaryotic primases (AEPs, hatched boxes). 118 The WGS TBLASTN survey also revealed a 4 kb contig with a sequence resembling adomavirus 129
LT in a dataset for western softhead grenadier fish (Malacocephalus occidentalis) and a nearly 130 complete adomavirus genome in a dataset for a skin biopsy of a leatherback sea turtle 131 (Dermochelys coriacea). Genome sequences for the two viruses were completed using parent 132 SRA datasets. 133 A pipeline using DIAMOND (a faster alternative to BLASTX (Buchfink, Xie et al. 2015)) was 134 developed to screen SRA datasets for fish, amphibians, and reptiles. SRA datasets rich in reads 135 encoding adomavirus-like protein sequences were subjected to de novo assembly. This approach 136 resulted in the identification of seven additional adomavirus genomes ( Figure 2 ). Notably, 137 adomavirus sequences were found in genome sequencing datasets for farmed tilapia 138 (Oreochromis niloticus), which represent a $7.5 billion per year global aquaculture industry, and 139
in the most extensively aquacultured fish in developing countries, the mirror carp (Cyprinus 140 carpio) ( including an N-terminal DnaJ domain, a potential retinoblastoma-interaction motif (LXCXE or 174 LXXLFD) ( shot of a typical HHpred result is shown in Figure 2 Alignments of LO6 ORFs show high-probability (95%) HHPred hits for a 37 amino acid 207 hydrophobic segment of adenovirus pX, a minor virion core protein that is thought to participate 208 in condensation of the viral chromatin (Nemerow, Stewart et al. 2012 ). LO6 alignments also 209 showed moderate probability hits (Figure 2 Figure supplement 2) for adenovirus pVI, which is 210 believed to play a role in destabilizing cellular membranes during the infectious entry process 211 (Moyer, Besser et al. 2015) . The results suggest that LO6 might be a fused homolog of 212 adenovirus pVI and pX virion core proteins. 213
HHpred searches using LO7 sequences did not produce interpretable results, with the single 214 exception of the LO7 sequence of grenadier adomavirus, which gives a moderate-probability hit 215
for the V20 double-jellyroll hexon major capsid protein of Sputnik virophage (Figure 2 Figure  216 supplement 2). 217
In addition to offering a convenient way to summarize aggregate BLASTP interrelationships 218 (e.g., Figure 4 ), all-against-all sequence similarity network analysis can be a useful method for 219 discovering distant similarities between highly divergent groups of proteins (Iranzo, Krupovic et 220 al. 2017 ). In one noteworthy example, network analyses were recently used to detect remote 221 sequence similarities between small DNA tumor virus S3H replicases and CRESS virus 222
replicases (Kazlauskas, Varsani et al. 2019) . In contrast to traditional analyses using 223 phylogenetic trees, it is possible for network analyses to detect individual pairs of sequences in 224 separate clusters that both happen to have preserved the primary sequence of a common ancestor. 225 We performed low-stringency network analyses to further investigate possible remote sequence 226 similarities between adenovirus, adintovirus, and candidate adomavirus virion proteins. 227
Networks for adomavirus LO4 (inferred fiber or cement protein) and LO7 (inferred double-228 jellyroll hexon major capsid protein) showed few or no connections to adenovirus or adintovirus 229 virion protein sequences, even at a BLASTP E-value threshold of 1e-1. In contrast, LO8 230 (adenain) proteins yielded informative networks at E-value thresholds of 1e-5 ( Figure 5 ). At less 231 stringent E-value thresholds (1e-2) similarities between adomavirus LO5 (inferred single-232 jellyroll vertex penton) and inferred adintovirus penton protein sequences emerged. PSI-BLAST 233 searches using LO5 alignments confirmed the apparent sequence similarities (E-values ~1e-6) to 234 predicted adintovirus penton proteins found in arthropod and coral datasets (e.g., GBM63801 235 EFA12278 LSMT01002030). Although adenovirus pVI did not cluster with LO6 (inferred virion 236 core protein) or proposed adintovirus virion core proteins (Cupiennin, GasderminX, PLA2X) at 237 an E-value threshold of 1e-2, Alpha adomavirus LO6 proteins clustered with adintovirus 238 cupiennin and Beta adomavirus LO6 proteins clustered with adenovirus pX proteins. 239 
Expression of recombinant virion proteins 273
Adenovirus penton proteins can spontaneously assemble into 12-pentamer subviral particles that 274 may serve as decoy pseudocapsids in vivo ( LO2-3, LO6, or LO8 alone did not show evidence of particle formation (Figure 7) . Negative-286 stain EM analysis showed that the LO4, LO5, and LO7 particles were irregular (Figure 7 Figure  287 supplement 1). In co-transfections of various combinations of LO genes, it was found that 288 inclusion of LO6 inhibited the formation of LO5 and LO7 particles but did not impair the 289 formation of LO4 particles (Figure 8 ). The fact that over-expression of LO6 can antagonize 290 particle formation supports the bioinformatic prediction that LO6 is a minor virion component 291 that directly interacts with LO5 and LO7. 292 
326
Vaccine immunogens comprised of recombinant VLPs have been highly successful in humans 327 (Schiller and Lowy 2015) . In particular, vaccines against HPVs have proven remarkably 328 immunogenic, even after a single dose. Our identification of adomavirus virion proteins and 329 demonstration of their ability to assemble into roughly spherical DNA-containing particles 330
should facilitate the development of recombinant subunit vaccines against these viruses, some of 331 which are known to cause severe disease in fish. 332
The adomavirus virion protein genes, penton (LO5), core (LO6), hexon (LO7), and adenain 333 (LO8), appear to be syntenic homologs of adenovirus and adintovirus virion protein genes. The 334
results also suggest that LO4 may be a homolog of adenovirus pIX, a trimeric coiled coil protein 335 that cements the facets of the adenovirus virion. At a primary sequence level, adomavirus virion 336 proteins more closely resemble adintovirus virion proteins, rather than adenovirus virion proteins 337 ( Figure 5) . These results tie the Adomaviridae into a broad consortium of eukaryotic virus 338 families . 339
In unicellular eukaryotes, non-enveloped midsize (10-50 kb) dsDNA viruses have been shown to 340 have a remarkable degree of genetic modularity ( cells were cultured as previously described (Buck, Pastrana et al. 2004) . 362
Viral genome sequencing 363
For the discus adomavirus, total DNA was extracted from a skin lesion and subjected to deep 364 sequencing. Marbled eel adomavirus virions were purified from lysates of infected EK-1 cells 365
using Optiprep gradient ultracentrifugation (Peretti, FitzGerald et al. 2015) . DNA extracted from 366
Optiprep gradient fractions was subjected to rolling circle amplification (RCA, TempliPhi, GE 367
Health Sciences). The marbled eel adomavirus RCA products and discus total DNA were 368 prepared with a Nextera XT DNA Sample Prep kit and sequenced using the MiSeq (Illumina) 369
sequencing system with 2 × 250 bp paired-end sequencing reagents. In addition, the marbled eel 370 adomavirus RCA product was digested with AclI and EcoRI restriction enzymes and the 371 resulting early and late halves of the viral genome were cloned separately into the AclI and 372
EcoRI restriction sites of pAsylum+. Optiprep-purified marbled eel adomavirus virions were precipitated with trichloroacetic acid. A 435 1 ml sample was treated with 100 µl of 0.15% deoxycholic acid and incubated at room 436 temperature for 10 minutes. 100 µl of 100% TCA was then added and the sample was vortexed 437 and incubated on ice for 30 minutes. Following the incubation, the sample was centrifuged at 438 10,000 x g for 10 minutes at 4°C. The supernatant was removed, and the remaining pellet was 439 washed with ice-cold acetone to remove residual TCA. The protein pellet was solublized with 440
NuPAGE Sample Buffer + 5% BME (Sigma) and run on a 10-12% Bis-Tris MOPS gel 441 (Thermo). The protein bands were visualized using InstantBlue (Expedeon). Thirteen gel bands 442
were individually excised and placed into 1.5 ml Eppendorf tubes. The gel bands were sent to the 443 National Cancer Institute in Fredrick, Maryland where they were de-stained, digested with 444 trypsin, and processed on a Thermo Fisher Q Exactive HF Mass Spectrometer. Thermo Proteome 445
Discoverer 2.2 software was used for initial protein identification. The uninterpreted mass 446 spectral data were also searched against Anguilla proteins (Swiss-Prot and TrEMBL database 447 containing 105,268 proteins), Bos taurus proteins (Swiss-Prot and TrEMBL database containing  448 48,288 proteins), a common contaminants database (cRAPome), and translated marbled eel 449 adomavirus ORFs. Further analysis was conducted using Protein Metrics Biopharma software to 450 identify modifications missed in initial analyses. 451
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